Abstract From Helmholtz equation of the harmonic electromagnetic waves, the integral equations of the light field at the medium boundaries are obtained by use of the Green's theorem and are discretized into linear equation set with the values of the light field and its derivative as the unknowns. On solving the linear equation set, we realize the rigorous computations of the light fields at the boundaries. Then the intensities of the light waves scattered by the random self-affine fractal surfaces in the optical near-field are calculated, and the propagation characteristics, the evolutions of the contrast and the intensity probability density function of the near-field speckles are studied in detail. The near-field speckles are much different from the conventional speckles in the diffraction regions and in the imaging systems. There are obvious local fluctuations in the intensity distributions of the near-field speckles and such fluctuations disappear after propagating a distance of one wavelength from the medium surfaces. For the random surfaces with smaller lateral correlation lengths, the speckle contrasts approach the saturation values and the speckle fields approach Gaussian distribution within the near-field, while for the random surfaces with larger lateral correlation lengths, such evolutions become comparatively slow.
measurement of the microscopic magnetic domains with the applied magnetic field [5] . However, the studies regarding the theories and the applications of speckles at present are limited to those in the Fresnel and the Fraunhoffer diffraction regions and in the imaging systems. It is well known that near-field optics [6, 7] treats the propagations of light waves and the related phenomena within the regions of one wavelength from the medium interfaces, and it is a new branch of optics that has been developing rapidly since the appearance of scanning near-field optical microscope(SNOM) [8 10] . Owing to the existence of evanescent waves, the properties of the light wave propagations in the near-field are obviously different from those in the non-near-field optical regions. However, few studies have been conducted on behaviors of the near-field speckle fields scattered from the random boundaries. It is obvious that the importance of both the speckle phenomena and the near-field optics principles and their significance in related research fields will make the study of near-field speckles become an important subject, and it might open up a new perspective for the speckle studies.
It is well known that speckles are stochastic processes with the light fields or the intensities as the random variables, and they can be described by the quantities and functions of the first and higher order statistics, which are related to the properties of the speckle fields at individual positions and the connections of the speckles between different positions [1] , respectively. Actually, some first order quantities and functions such as speckle contrast and the probability density functions of the intensities are fundamental in understanding the properties of a speckle field. To acquire these quantities and functions for the speckles in the near-field, we need to know the speckle intensity distributions first. As is well understood, the light waves scattered in the near-field region of the random medium boundaries do not satisfy the approximations (such as Kirchhoff approximation) in the conventional diffraction theory, and they need to be calculated with the rigorous solutions of the wave equations under the boundary conditions. Due to the difficulties in the analytical solutions, numerical methods are usually employed in treating the practical optical near-field problems. The well-developed numerical methods include the Green's function method [11 13] , finite-difference time-domain method [14, 15] and etc., and they have played important roles in the studies of near-field optics and the engineering of near-field optical microscopes.
In this paper, we start from the Helmholtz equation of the harmonic electromagnetic waves, and use the Green's theorem to obtain the integral equations of the waves at the boundaries, which are then discretized into linear equation set with the light fields and their derivatives as the unknowns. Solving this equation set, we realize the rigorous computations of the light fields and the derivatives at the boundaries. The random self-affine fractal surfaces are used as the interface boundaries in our practical computations. This kind of surface can be used to characterize a variety of random surfaces such as the growth fronts of thin films [19, 20] and the random scattering screens [21] , and it is a surface model of practical significance [22 24] . Then we investigate the near-field speckles and their propagation properties. By using the intensity ensemble averaging analysis, we study evolutions of the first order statistical parameters and functions with the surface parameters and the distances from surfaces.
The Green's integral equations of the scattered light field
We now derive the Green's integral expressions for both the light fields at the medium boundaries and the transmitted light fields from the Helmholtz wave equation of the harmonic electromagnetic waves. Fig. 1 is the schematic diagram for the light waves scattering from the medium interface. We only discuss the one-dimensional case for simplicity. Suppose a plane wave E i (r) of s polarization is perpendicularly incident on the medium interface, i.e. the wave vector k 0 is perpendicular to the x-coordinate plane, and r is the position vector. The medium interface is a random surface with length L and its height distribution is z = D(x). The upper half-space V is that above the interface with z > D(x). and its dielectric constant is , and here we only consider the dielectric media with ε (1a) 2 2 ( )
and satisfy the following boundary conditions respectively:
where D (+) and D (−) represent approaching the interface D(x) from the upper and lower half-spaces, respectively, the derivatives are
). Letting and represent
Green's functions of Helmholtz equations in the upper and lower half-spaces, respec-
tively, and using eq. (1), we have
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The one-dimensional Green's functions are
where is the zeroth order Hankel function of the first kind. We next perform integrals over eqs. (3) in the following two cases
(1) In the medium , the light field E(r) can be expressed with the incident field and the field at the interface based on the Green's theorem:
In the vacuum ( ( the light field can be expressed in a similar way:
From the boundary conditions of eq. (2), we define the light field and its derivative at the interface as the source functions:
.
Substituting eqs. (7) and (8) 
where and . It is clear that when the incident wave
the height distribution D(x) of the interface are known, the field and the derivative F(x) can be determined by solving the above equations. Substituting eqs. (7) and (8) into eq. (6b), we have the transmissive light field at a point in the vacuum half-space:
where
2 The discretization and the solutions of the integral equations
The discretization of the integral equations
To implement the numerical calculations, we need first to discretize the integral equation (9) of the field and its derivative . Suppose the surface is sampled with N equidistant points in the range of the illumination
⎥ and the integrals are changed into finite sum. Then eq. (9) is written as the following linear equation set with the values of field E and the derivative F at the sampling points as the unknowns [11 13] :
, E, F are, respectively, matrices of a single column with N elements, and their elements E th n ( ) , i n E n and F n are, respectively, the values of
The elements of the N N sub-matrices A and B are: 
The generation of random surfaces and the calculations of their derivatives
In the above discretization of the integral equations and the construction of the matrices, the height distribution ( ) D x′ of the random surface is one of the preconditions.
In the studies of the light scattering, we have proposed the method for generation of random self-affine fractal surfaces [25] using the analogy to the derivation of autocorrelation function of the speckles in Fraunhofer diffraction region. The process is roughly described in the following.
The autocorrelation function of the height ( ) D x′ of the random self-affine fractal surfaces is
where ρ is the correlation separation, w and ξ are the roughness and lateral correlation length of the random surface, respectively. α is the roughness exponent related to the fractal dimension d f by d f = d − α, with d the imbedded dimension and 0 α 1. Since R h (ρ) is symmetrically decayed, and its Fourier transform should be real and non-negative, we define the "aperture function" p(u) by
The following expression is used for the generation of complex height distribution:
where ( ) Fig. 2 shows four surface samples with the length 20 µm generated by the above method. They have the same roughness w of 0.2 µm and the same lateral correlation length of 0.5 µm. The roughness exponents α for the samples from the top to the bottom in this figure are 1.0, 0.8, 0.6 and 0.4, respectively, corresponding to the surface fractal dimension 1.0, 1.2, 1.4 and 1.6. In the generation of the four samples, the same series of random numbers are used. The autocorrelation functions of the samples are calculated based on and then are fit to eq. (13) , and the surface parameters extracted by the fit conform well to the set values in the generations. 
The programming implementation of numerical calculations of the light field
In the practical computational simulation, the amplitude of the incident light field is set as unity, the wavelength as 0. As the confidence tests for the algorithms and the programming, the light fields of the near-field diffraction of the subwavelength pinholes and the light fields on the random interfaces are computed first. The results of the pinhole diffraction are in good consistency with those in the literature [26, 27] , and the results of the real and the imaginary part of light fields on the random interfaces conform to those obtained with the Kirchhoff approximation for the random screen but with reasonable differences. Next we conduct the solutions of near-field intensity scattered by the random self-affine fractal surfaces. Fig. 3 background values have been added to those intensities. We see that in the near-field region with the distance smaller than a wavelength, the distributions of light intensity are totally random and they vary rapidly with the increase in the distance. We define these random intensity distributions as the "near-field speckles".
From the results in fig. 3 , we may see that the following characteristics of the near-field speckles are totally different from those in the far-field and the image regions.
(i) Except the case α = 1, the intensities have obvious local fluctuations. This means the fractal characteristics exist in the near-field speckles, and such fractals are rarely observed in non-near-field speckles unless the optical systems are elaborately arranged [28] .
(ii) With the increase in the distance from the surface in the near-field region, the average sizes of the speckle granules increase quickly and the fluctuations in the near-field speckle intensities decrease considerably. (iii) At the distance of a wavelength from the surfaces, the local fluctuations completely disappear; the intensities produced by the 4 surface samples are somewhat similar, but the intensity peaks for the samples with smaller α is relatively low and vice versa. Those speckle granules and local fluctuations in the intensity have higher spatial frequencies k x in x-direction and when they are larger than k, the intensities are composed of the evanescent wave components bound to the near-field region of the surface. Random surfaces of smaller α have more severe local fluctuations on the basis of the locally smooth surface profile of α = 1.0, and they correspond to more components of evanescent waves in the intensities, so the intensity peaks after the propagation of one wavelength are diminished. Clearly, such rapid evolution within a distance of merely one wavelength does not exist in the far field.
3.2 The evolutions of the contrast and the characteristics of the intensity probability distributions of the near-field speckles
The contrast of speckles is defined as
It can be calculated directly from the intensity data. In our calculations, one datapoint of the speckle contrast is calculated from the intensity ensemble that includes all the intensity data produced under the same conditions by 15 different surface samples with the same statistical property. The distances of observation planes from the surface range from the near-field region to several hundreds of wavelengths. When the distance is smaller than 3 wavelengths, the observation "planes" are taken to be curved ones fluctuating with the surface shapes to avoid their intersections with the surfaces, and otherwise, the observation plane is flat. The size of the scattering aperture L is proportionally adjusted with the ξ values of the random surfaces. Since the average sizes of the speckles vary with the distances of the observation plane, the ranges on the plane in which the speckle intensity is calculated are carefully adjusted to ensure both the coverage of enough speckle grains and the homogeneity of the spatial distributions of the intensities. In fig. 4(a) , we give in logarithm scale the speckle contrast versus the distance of the observation planes. The surface samples have the different lateral correlation lengths ξ but the same roughness value w = 0.2 µm and the same roughness exponent α = 1. Fig. 4(b) shows the contrast of the speckles on the surface of the medium (z = 0) versus ξ. It is obvious that on the surface, the contrast decreases approximately linearly with ξ in the logarithm scale. Least squares linear fit of the curve gives the slope value −2.29. This indicates that the contrast decrease approximately in inverse square law with respect to ξ, i.e. To give a qualitative explanation for evolution behaviors of the near-field speckles, we now consider from eqs. (9a) and (9b) the contributions of the light field and its derivative at all the points on the surface to the light field at a particular point
x, and these contributions are equivalently regarded as those from the ranges of point spread functions with their centers at x, though and need to be solved and the "point spread functions" may vary to some degree for different point x. Such point spread functions are numerically represented by the values of the (m, n) elements of the index matrices in eq. (11) with m fixed and n running over all possible sampling
In the above results of speckle contrast, smaller lateral correlation ξ represents smaller "scattering grains" of the random surface, and more scattering grains or larger part of one scattering grain is included in the range of point spread function. Then the intensity at x is the random superposition of the light field and its derivative in the range of the spread function and the intensity becomes randomly distributed. Thus speckles on the surface of the medium have a larger value of contrast. While the lateral correlation ξ of the random surface is so large that only a small part of one grain can be included in the range of the point spread function, such small part of the locally flat random surface with Gaussian correlation can only induce a linearly varied phase in in the range of the point spread function. Thus the superposed intensity tends to be constant, so the contrast values approach zero and speckles on the medium surface disappear. The increase in distances from the random surface greatly increases the range of the point spread function and then the number of the scattering grains contributing to speckle field of a point on the observation plane, and therefore, the speckle contrasts increase, as can been seen in fig. 4 (a). When the distance is big enough so that enough scattering grains are included in the range of the corresponding point spread functions, the speckle contrast approaches a saturation value. In the conventional non-near-field speckle theory, the speckle field is said to be fully developed when this saturation value is unity, and partially developed while it is smaller than unity ( ) E x′ [29] . We see that when ξ takes small values, i.e. when ξ < 2.0 µm, the speckle contrast reaches its saturation value at the distance about 3 wavelength. When ξ > 2.0 µm, the contrast goes gradually to the saturation value, and how quickly it reaches this value is determined by ξ, and the larger ξ, the larger distances are needed. It can also be seen that contrast curve at the critical value ξ = 2.0 µm increase quickly to the saturation value. Our computation results show that for this value of ξ, anomalous speckles appear at the distance of transition from near-field to non-near-field due to the effect that those curved parts of the random surface of Gaussian correlation act as micro random lenses, the convex ones of which converge the light wave to form light spot with much larger intensity than usual. Fig. 5 shows the intensity probability density functions of the near-field produced by the random surface samples with w = 0.2 µm, ξ = 0.5 µm and α = 1.0 at different distances from the surface. Obviously the speckles deviate the Gaussian distributions, but they are more or less similar to the partially developed speckles [30] though some differences exist. On the observation planes away from the medium surfaces, the probability density function becomes closer to that of the partially developed speckles, and gradually evolves to that of Gaussian speckles, i.e. to the negative exponential decay with respect to the intensities. In the figure, the fit curves of the negative exponential decay are given for the probability density function from the distance of one wavelength and farther. The rapid evolution of the probability density function in the near-field also differs from those in the conventional optical diffraction systems. In fig. 7 , we give the probability density functions of the near-field speckle intensities produced by the ones with α = 0.5 in the above group of surface samples at different distances. It can be seen that in the near-field region the probability density function is close to that of the partially developed speckles. With the increase in the distances from the surface, the intensity probability widens slowly, indicating that the range of the intensity distribution is increased and so is the speckle contrast. The obvious increase in the probability at smaller intensity values and its slow decrease at the larger values manifest the tendency in the evolution of near-field speckles toward Gaussian speckles (with negative exponential decay). Comparing the results in fig. 5 with ξ = 0.5 µm and α = 1.0, it needs a longer distance for the near-field speckles here to accomplish this evolution.
Conclusions
Using the numerical solutions of the integral equations of the electromagnetic waves obtained with the Green's function method, we study the speckles and their propagation properties in the near-field of the scattering random surfaces and give the definition of near-field speckles. The rapid evolutions of the speckle grains, the contrast and the probability density functions show that the near-field speckles have many new characteristics that need to be understood, in comparison with the speckles in the con- ventional diffraction regions and the imaging systems. It is expected that the studies on near-field speckles will be of great significance for the development of near-field optics, the engineering of optical microscopes and the characterizations of random surfaces.
